We present a theoretical description of the thermopower due to magnon-assisted tunneling in a mesoscopic tunnel junction between two ferromagnetic metals. The thermopower is generated in the course of thermal equilibration between two baths of magnons, mediated by electrons. For a junction between two ferromagnets with antiparallel polarizations, the ability of magnon-assisted tunneling to create thermopower S AP depends on the difference between the size ⌸ ↑,↓ of the majority-and minority-band Fermi surfaces and it is proportional to a temperature-dependent factor (k B T/ D ) 3/2 where D is the magnon Debye energy. The latter factor reflects the fractional change in the net magnetization of the reservoirs due to thermal magnons at temperature T ͑Bloch's T 3/2 law͒. In contrast, the contribution of magnon-assisted tunneling to the thermopower S P of a junction with parallel polarizations is negligible. As the relative polarizations of ferromagnetic layers can be manipulated by an external magnetic field, a large difference
I. INTRODUCTION
Spin-polarized transport has recently been the subject of intense theoretical and experimental interest. 1 The mismatch of spin currents at the interface between two ferromagnetic ͑F͒ electrodes with antiparallel spin polarizations produces a larger contact resistance than a junction with parallel polarizations, leading to tunneling magnetoresistance in F-F junctions 2, 3 and giant magnetoresistance ͑GMR͒ in multilayer structures. 4, 5 Systems displaying GMR have shown other magnetotransport effects including substantial magnetothermopower [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] with a strong temperature dependence. Thermoelectric effects have also been discussed in the context of spin injection across a ferromagneticparamagnetic junction. 16 The Mott formula 17 SϭϪ( 2 k B 2 T/3e)(‫ץ‬ ln ‫)⑀ץ/)⑀(‬ ⑀ F relates the thermopower S of a system to the derivative with respect to energy of the electrical conductivity, (⑀), near the Fermi energy ⑀ F so that, in metals, S typically contains a small parameter such as k B T/⑀ F . In magnetic multilayers with highly transparent interfaces, the Mott formula has been used as a basis for theories of transport that explain the origin of the magnetothermopower effect as due to either the difference in the energy dependence of the density of states for majority-and minority-spin bands in ferromagnetic layers 13, 18 or a different efficiency of electron-magnon scattering for carriers in opposite spin states. 8 In particular, the electron-magnon interaction in a ferromagnetic layer was incorporated to explain the observation 8 of a strong temperature dependence of S(T) and gave, theoretically, a much larger thermopower in the parallel configuration of multilayers with highly transparent interfaces than in the antiparallel one, S P ӷS AP . For tunnel junctions, magnon-assisted processes have been studied both theoretically 19 and experimentally 20 with a view to relate nonlinear I(V) characteristics to the density of states of magnons ⍀() as d 2 I/dV 2 ϰ⍀(eV).
In this paper we investigate a model of the electronmagnon interaction assisted thermopower in a mesoscopic size ferromagnet/insulator/ferromagnet tunnel junction, which yields a different prediction. The bottleneck of both charge and heat transport lies in a small-area tunnel contact between ferromagnetic metals held at different temperatures. The thermopower is generated in the course of thermal equilibration between two baths of magnons as mediated by electrons, and in the relatively high resistance antiparallel ͑AP͒ configuration of a ferromagnetic tunnel junction, it depends on the difference between the size of the majority-and minority-band Fermi surfaces. For a momentum-conserving tunneling model we find that
where ⌸ ϩ (⌸ Ϫ ) is the area of the maximal cross section of the Fermi surface of majority ͑minority͒ electrons in the plane parallel to the interface (⌸ ϩ Ͼ⌸ Ϫ ). The function ␦m(T) is the fractional change in the magnetization of the reservoirs due to thermal magnons at temperature T ͑Bloch's T 3/2 law͒, is the spin of localized moments, and D is the magnon Debye energy. On the other hand, we find that the contribution of magnon-assisted tunneling to the thermopower of a parallel configuration is negligible.
As an extreme example, the magnetothermopower effect is most pronounced in the case of half-metallic ferromagnets, where the exchange spin splitting ⌬ between the majority and minority conduction bands is greater than the Fermi energy ⑀ F measured from the bottom of the majority band and the Fermi density of states in the minority band is zero. In the antiparallel configuration of such a junction, where the emission or absorption of a magnon would lift the spin blockade of electronic transfer between ferromagnetic met-als, we predict a large thermopower effect, whereas in the lower-resistance parallel configuration thermopower is relatively weak 21 :
This is because the contribution of magnon-assisted transport to the thermopower in the parallel configuration S P is zero and the thermopower only arises from the energy dependence of the electronic density of states near the Fermi energy.
The magnon-assisted processes that we consider are similar to those discussed in Ref. 19 in relation to the magnon contribution to the nonlinear conductance. In a ferromagnetic tunnel junction in the antiparallel configuration, the elastic contribution to the conductance is suppressed by the mismatch of spin currents at the interface. However, it is possible to lift spin current blockade while conserving the overall spin of the system by emitting or absorbing magnons. For example, the change of spin that occurs when a minority carrier flips and occupies a majority state is compensated for by an opposite change of spin due to magnon emission. As a result, the spin current carried by electrons crossing an interface between oppositely polarized ferromagnets is carried further by the flow of magnons ͑spin waves͒.
Microscopically, a typical magnon-assisted process that contributes to the thermopower in the antiparallel configuration, Eqs. ͑1͒ and ͑3͒, is shown schematically in Fig. 1 . Here the majority electrons on the left-hand side of the junction are ''spin up'' and the majority electrons on the right are ''spin down.'' The transition begins with a spin-up majority electron on the left, which then tunnels through the barrier ͑without spin flip͒ into an intermediate, virtual state with spin-up minority polarization on the right ͓Fig. 1͑a͔͒. In the final step, Fig. 1͑b͒ , the electron emits a magnon and incorporates itself into a previously unoccupied state in the spindown majority band on the right. In our approach, we take into account such inelastic tunneling processes that involve magnon emission and absorption on both sides of the interface, as well as elastic electron transfer processes, in order to obtain a balance equation for the current I(V,⌬T) as a function of bias voltage V and of the temperature drop ⌬T. In the linear response regime the electrical current may be written as
where G V is the electrical conductance and G ⌬T is a thermoelectric coefficient describing the response to a temperature difference. Under conditions of zero net current, the thermopower coefficient is
The paper is organized as follows. In Sec. II we introduce the model and technique used for describing a tunnel junction and we calculate the thermopower in the AP configuration. We present a detailed description of two different models of the interface: a uniformly transparent interface where the component of momentum parallel to the interface is conserved and a randomly transparent interface. In Sec. III we demonstrate that the contribution of magnon-assisted tunneling to the thermopower of a parallel ͑P͒ configuration is negligible. In Sec. IV we discuss the magnetothermopower, give an order of magnitude estimate of the size of the effect, and present results for the magnetothermopower of a junction between two half-metallic ferromagnets.
II. THERMOPOWER OF AN ANTIPARALLEL JUNCTION

A. Description of the model
Our initial aim is to write a balance equation for the current in terms of occupation numbers of electrons
Ϫ1 on the left͑right-͒ hand side of the junction, where T L(R) is the temperature on the left-͑right-͒ hand side, ⑀ F L Ϫ⑀ F R ϭϪeV, and q is the energy of a magnon of wave vector q. In the following we set T L ϭT and T R ϭTϪ⌬T and we shall speak throughout in terms of the transfer of electrons with charge Ϫe. The index ␣ϭ͕ϩ,Ϫ͖ takes account of the splitting of conduction band electrons into majority ⑀ kϩ and minority ⑀ kϪ subbands, ⑀ k␣ ϭ⑀ k Ϫ␣⌬/2, where ⑀ k is the bare electron energy and ⌬ is the spin splitting energy.
In an AP junction, we assume that the majority electrons on the left-hand side of the junction are ''spin up'' and the majority electrons on the right are ''spin down.'' The total Hamiltonian of the system is
Schematic of magnon-assisted tunneling via an intermediate minority state. This example shows a transition from an initial majority state on the left to a final majority state on the right across a junction in an antiparallel configuration. ͑a͒ The process begins with a spin-up majority electron on the left, which then tunnels through the barrier ͑without spin flip͒ into an intermediate, virtual state with spin-up minority polarization on the right. ͑b͒ The electron emits a magnon ͑wavy line͒ and incorporates itself into a previously unoccupied state in the spin-down majority band on the right.
where H T is the tunneling Hamiltonian, [22] [23] [24] which is written in terms of creation and annihilation Fermi operators c † and c. Here ␣ ϵϪ␣ and we assume that spin is conserved when an electron tunnels across the interface. The tunneling matrix elements t k,k Ј describe the transfer of an electron with wave vector k on the left to the state with kЈ on the right. We will consider t k,k Ј to be a symmetric matrix of the form
where
are components of electron velocity perpendicular to the interface and ⑀ L,R (k) denotes the electron energy dispersion in the electrodes. In our model for t, we neglect its explicit energy dependence. However, t k ͉͉ ,k Ј͉͉ can describe both clean and diffusive interfaces by taking into account the conservation of k ͉͉ , the component of momentum parallel to the interface.
The term H F L(R) is the Hamiltonian of the ferromagnetic electrode on the left ͑right͒ side of the junction in the absence of tunneling. We use the so called s-f (s-d) model, 25, 26 which assumes that magnetism and electrical conduction are caused by different groups of electrons that are coupled via an intra-atomic exchange interaction, although we note that the same results, in the lowest order of electron-magnon interactions, may be obtained from a model of itinerant ferromagnets. 27 The magnetism originates from inner atomic shells ͑e.g., d or f ) which have unoccupied electronic orbitals and, therefore, possess magnetic moments whereas the conduction is related to electrons with delocalized wave functions. Using the Holstein-Primakoff transformation 28 the operators of the localized moments in the interaction Hamiltonian can be expressed via magnon creation and annihilation operators b † ,b. At low temperatures, where the average number of magnons is small ͗b † b͘Ӷ2 ( is the spin of the localized moments͒, the Hamiltonian of the ferromagnet H F L(R) can be written as follows:
͑12͒
The first term H e L(R) , Eq. ͑10͒, deals with conduction band electrons which are split into majority ⑀ kϩ and minority ⑀ kϪ subbands due to s-f (s-d) exchange. The Hamiltonian H m L(R) , Eq. ͑11͒, describes free magnons with spectrum q which in the general case has a gap qϭ0 ϭ 0 . The third term H em L(R) , Eq. ͑12͒, is the electron-magnon coupling resulting from the intra-atomic exchange interaction between the spins of the conduction electrons and the localized moments.
The calculation is performed using standard second-order perturbation theory. 29 We write the total Hamiltonian, Eq. ͑6͒, as HϭH 0 ϩV, where the perturbation VϭH T ϩH em L ϩH em R is the sum of the tunneling Hamiltonian and the electron-magnon interactions in the electrodes. First-order terms provide an elastic contribution to the current that do not involve any change of the spin orientation of the itinerant electrons, while second-order terms account for inelastic, magnon-assisted processes.
B. Elastic contribution to the current
The first-order contribution to the current, in antiparallel configuration, arises from elastic tunneling without any spin flip between a majority conduction electron state on one side of the junction and a minority state on the other. Consider for example an initial state consisting of an additional majority spin-up electron on the left with wave vector k L and energy ⑀ k L ϩ . This electron can tunnel, with matrix element t LR * , into a minority spin up state on the right with wave vector k R and energy ⑀ k R Ϫ . In addition there is a second process which is a transition between the same two states, but in the reverse order, giving a contribution to the current with an opposite sign. Together, the two processes give a balance equation for the first-order contribution to the current between the majority band on the left and the minority on the right. In addition, there are two first-order processes that result in transitions between the minority band on the left and the majority on the right. Overall, the first-order contribution to the current is I AP (1) where
and ␣ ϵϪ␣. Neglecting terms that contain the small parameter k B T/⑀ F , the current may be written as
For convenience we have grouped all information about the nature of the interface into a parameter T ␣␣ Ј ,
which is equivalent to the sum over all scattering channels, between spin states ␣ on the left and ␣Ј on the right, of the transmission eigenvalues usually introduced in the Landauer formula, 30-32 although we restrict ourselves to the tunneling regime in this paper. Later we will employ models of two types of interface explicitly: a uniformly transparent interface where the component of momentum parallel to the interface is conserved and a randomly transparent interface.
C. Magnon-assisted contribution to the current
Below we describe processes which contribute to magnon-assisted tunneling. For convenience, we divide them into two groups that we label as ''electron'' and ''hole'' processes. In electron processes, an increase in the number of magnons in one electrode is achieved by accepting electrons from the other electrode whereas, in hole processes, an increase in the number of magnons in one electrode is achieved by injecting electrons into the other electrode.
The electron processes are shown schematically in Fig. 2 . The straight lines show the direction of electron transfer, whereas the wavy lines denote the emission or absorption of magnons. The processes are drawn using the rule, appropriate for ferromagnetic electron-magnon exchange, that an electron in a minority state scatters into a majority state by emitting a magnon. The electron processes in Fig. 2 involve transitions from majority initial states to majority final states via an intermediate, virtual state in the minority band. For example, process ͑i͒, which is the same as the process shown in more detail in Fig. 1 , begins with a spin-up majority electron on the left with wave vector k L and energy ⑀ k L ϩ . Then, this electron tunnels across the barrier ͑without spin flip͒ to occupy a virtual, intermediate state with wave vector k R in the spin-up minority band on the right as depicted in the right part of Fig. 1͑a͒ with energy ⑀ k R Ϫ . The energy difference between the states is ⑀ k R Ϫ⑀ k L ϩ⌬ so that the matrix element for the transition contains an energy in the denominator related to the inverse lifetime of the electron in the virtual state. For k B T,eVӶ⌬, when both initial and final electron states should be taken close to the Fermi level, only longwavelength magnons can be emitted, so that the energy deficit in the virtual states can be approximated as ⑀ k R Ϫ⑀ k L ϩ⌬Ϸ⌬. As noticed in Refs. 25,33, and 34, this cancels out the large exchange parameter since the same electron-core spin-exchange constant appears both in the splitting between minority and majority bands and in the electron-magnon coupling.
The second part of the transition is sketched in Fig. 1͑b͒ where the electron in the virtual minority spin-up state incorporates itself into a state in the majority spin-down band on the right by emitting a magnon, which is shown as a flip of one of the localized moments. The wave vector of the electron in the final state is kЈ and the total energy of the final ͑many-body͒ state is ⑀ k Ј ϩ Ϫ q . Similar considerations enable us to write down the contribution to the current from all the electron processes in Fig. 2 . We group the processes into pairs which involve transitions between the same series of states, but in the opposite time order so that they give a current with different signs; hence their sum gives a balance equation. The contributions to the current of the processes ͑i͒ and ͑ii͒, labeled as I AP (i,ii) , are given by
͑16͒
where qϭk R ϪkЈ. The processes ͑iii͒ and ͑iv͒ are similar to processes ͑i͒ and ͑ii͒, respectively, except that electrons interact with magnons in the left electrode:
͑17͒
where qϭk L ϪkЈ. Energies on the right are shifted by eV to take account of the voltage difference across the junction. An example of a hole process is shown in detail in Figs. 3͑a͒ and 3͑b͒, and Fig. 3͑c͒ shows the same process, ͑v͒, plus other hole processes ͑vi͒, ͑vii͒, and ͑viii͒. The hole processes involve transitions from minority initial to minority final states via a virtual intermediate state in the majority band. In contrast to the electron processes, an increase in the number of magnons in one electrode is achieved by injecting electrons into the other electrode. As an example we describe in detail the calculation of the matrix element for process ͑v͒ shown in Figs. 3͑a͒ and 3͑b͒ . The initial state has an additional spin-down minority electron near the Fermi level on the left ͓left part of Fig. 3͑a͔͒ with wave vector k L . The first step in the transition is the creation of an empty state below the Fermi level in the spin-down majority band on the right with wave vector k R by the absorption of a magnon, wave vector q, to elevate a spin-down majority electron up to a spin-up minority state above the Fermi level on the right with wave vector kЈ ͓right part of Fig. 3͑a͔͒ . The second part of the transition is sketched in Fig. 3͑b͒ where the spin-down minority electron on the left tunnels across the barrier ͑with-out spin flip͒ to occupy the empty spin-down majority state on the right. The contributions to the current from processes ͑v͒ and ͑vi͒, I AP (v,vi) , and from processes ͑vii͒ and ͑viii͒, I AP (vii,viii) , are
To make our analysis transparent, we rewrite the magnonassisted current as the sum of two parts,
the first of which, labeled I AP spont , does not contain any magnon occupation numbers and represents spontaneous emission processes,
where ⍀()ϭ ͚ q ␦(Ϫ q ) is the magnon density of states that we assume to be the same on both sides of the junction. Since our main aim is to demonstrate the existence of an effect, we choose the simple example of a bulk, threedimensional magnon density of states. We assume a quadratic magnon dispersion q ϭDq 2 and apply the Debye approximation with a maximum magnon energy D ϭD(6 2 /v) 2/3 where v is the volume of a unit cell. This enables us to express the magnon density of states as
The term I AP spont is only nonzero for finite voltage. We calculate it in two different limits, the small temperature difference ⌬TӶT and large temperature difference ⌬TϭT,T R ϭ0:
where ⌫(x) is the gamma function and (x) is Riemann's zeta function. 35 The second term, labeled I AP stim , contains all the magnon occupation numbers and it represents absorption and stimulated emission processes,
It vanishes in the limit of zero temperature on both sides of the junction, but is nonzero for zero bias voltage in the presence of a temperature difference. I AP stim may be written explicitly for arbitrary bias voltage and temperatures,
Schematic of hole-type processes of magnon-assisted tunneling from an initial minority state to a final minority state via an intermediate majority state. ͑a͒ A typical process begins with the absorption of a magnon ͑wavy line͒ to elevate a spin-down majority electron below the Fermi level E F on the right up to a spin-up minority state above E F , creating an empty state below E F in the spin-down majority band. ͑b͒ A spin-down minority electron on the left tunnels across the barrier ͑without spin flip͒ to occupy the empty spin-down majority state on the right. ͑c͒ The same process ͑v͒ plus remaining hole processes: ͑v͒ and ͑vii͒ involve magnon absorption on the right and left hand sides, respectively, whereas ͑vi͒ and ͑viii͒ involve magnon emission on the right and left.
D. Calculation of the thermopower
The thermopower S AP is determined by setting the total current to zero, I AP (1) ϩI AP spont ϩI AP stim ϭ0, and finding the voltage V induced by the temperature difference ⌬T, S AP ϭ ϪV/⌬T. In general we find
C͑T ϩϩ ϪT ϪϪ ͒␦m͑ T ͒ ͓T ϩϪ ϩT Ϫϩ ϩB͑T ϩϩ ϩT ϪϪ ͒␦m͑ T ͔͒ .
͑24͒
This is the main result of the paper, describing junctions between ferromagnets of arbitrary polarization strength ranging from weak ferromagnets to half-metals. The factors C and B are dependent on the ratio ⌬T/T. We evaluate them in the limits of small, ⌬TӶT, and large, ⌬TϭT L ϭT, T R ϭ0, temperature differences:
The function ␦m(T) in Eq. ͑24͒ is the change in the magnetization due to thermal magnons at temperature T ͑Bloch's T 3/2 law͒,
The thermopower is finite because the current I AP stim contains a term ͓last line in Eq. ͑23͔͒ that depends on the temperature difference. It arises from the difference in the thermal distribution of magnons N L ()ϪN R () and the process of thermal equilibration between two baths of magnons held at different temperatures, which is mediated by electrons, results in a current. The origin of the factor T ϩϩ ϪT ϪϪ in the numerator of Eq. ͑24͒ can be understood in the following way. In the electron processes in Fig. 2 , which contribute to T ϩϩ , an increase in the number of magnons in one electrode is achieved by accepting electrons from the other electrode. On the other hand, in the hole processes in Fig. 3 , which contribute to T ϪϪ , an increase in the number of magnons in one electrode is achieved by injecting electrons into the other electrode. Hence the contributions of T ϩϩ and T ϪϪ proportional to ⌬T in the current Eq. ͑23͒ appear with opposite signs.
The sign of the thermopower, Eq. ͑24͒, is specified for electron ͑charge Ϫe) transfer processes and under the assumption that the exchange between conduction band and core electrons has a ferromagnetic sign. For antiferromagnetic exchange, the overall sign of the thermopower would be opposite. For example, processes ͑i͒ and ͑ii͒ in Fig. 2 would involve magnons on the opposite side of the junction; hence the current I AP (i,ii) would be determined by magnon occupation numbers N L (q). Note also that we considered a bulk, three-dimensional magnon density of states, but in general the magnitude and sign of the thermopower will depend on the magnon spectrum.
Uniformly transparent interface
We model different types of interface by introducing a dependence of the tunneling matrix elements
͉͉ is the component parallel to the interface and k L(R) z is the perpendicular component. For a uniformly transparent interface of area A such that the parallel component of momentum is conserved, we set the dimensionless tunneling factor, Eq. ͑8͒, equal to
so that
where t represents the transparency of the interface and ⌸ ␣ is the area of the maximal cross section of the We use a model 34 for describing a strongly nonuniform interface which is transparent in a finite number of points only, randomly distributed over an area A. Each transparent point is treated as a defect which causes electron scattering in the plane parallel to the interface and the tunneling matrix element is a matrix element of the total scattering potential determined with the use of plane waves,
where r j is the position of the jth contact with area a ϳ F 2 . A product of two tunneling matrix elements, averaged with respect to the position of each defect, will be large only if the total phase shift is zero which corresponds to scattering from the same defect,
where a/A accounts for a reduced effective area and ͉t͉ 2 ϭ ͚ j ͉t j ͉ 2 is an effective transparency. This means that
We assume that the densities of states in the spin band ␣ are equal on both sides of the junction so that T ϩϪ ϭT Ϫϩ . In the regime 1ӷ(⌸ ϩ /⌸ Ϫ ϩ⌸ Ϫ /⌸ ϩ ) ␦m(T), the thermopower Eq. ͑24͒ simplifies as
III. THERMOPOWER OF A PARALLEL JUNCTION
For parallel orientation of the magnetic polarizations of the ferromagnets, we find that the contribution of magnonassisted tunneling to the thermopower is zero ͑upto the lowest order in the electron-magnon interaction͒. We consider the majority electrons on both sides of the junction to be spin up and the minority electrons to be spin down, and the technical details of the calculation of the current are similar to those described previously for the antiparallel orientation. There is a first-order, elastic contribution I P (1) ,
involving tunneling between majority states on the left and right, T ϩϩ , and tunneling between minority states, T ϪϪ , without any spin-flip processes. The first term in Eq. ͑35͒ corresponds to a large current response to finite voltage whereas the second term arises from the energy dependence of the electronic density of states near the Fermi energy.
To the lowest order in the electron-magnon interaction there are eight magnon-assisted tunneling processes which are shown schematically in Fig. 4 . The top four processes ͑i͒-͑iv͒ involve transitions between minority states on the left and majority states on the right, whereas the lower four processes ͑v͒-͑viii͒ involve transitions between majority states on the left and minority states on the right. The overall contribution to the thermopower is zero because the stimulated emission part of the current does not depend on the temperature difference across the junction,
͑36͒
This can be understood by examining the processes in Fig. 4 . The top four processes ͑i͒-͑iv͒, which have minority states on the left and majority on the right, all produce terms proportional to T Ϫϩ . Two of them, ͑i͒ and ͑ii͒, are electron-type processes in which an increase ͑decrease͒ in the number of magnons on the right is achieved by accepting ͑injecting͒ electrons from ͑into͒ the left, but the other two ͑iii͒ and ͑iv͒ are hole-type processes in which an increase ͑decrease͒ in the number of magnons on the left is achieved by injecting ͑accepting͒ electrons into ͑from͒ the right. Therefore the term proportional to T Ϫϩ in the last line of I P stim , Eq. ͑36͒, does not depend on the temperature difference but a sum (k B T L ) 5/2 ϩ(k B T R ) 5/2 . The same is true for the lower four processes in Fig. 4 , ͑v͒-͑viii͒, which produce terms proportional to T ϩϪ .
IV. CONCLUSION
As shown above, the thermopower of a tunnel F-F junction in the parallel configuration, S P ϳk B 2 T/(e⑀ F ), is smaller than the contribution of magnon-assisted transport to the thermopower S AP in the antiparallel configuration, Eq. ͑1͒. As the relative polarizations of ferromagnetic layers can be manipulated by an external magnetic field, the large difference ⌬SϭS AP ϪS P results in a magnetothermopower effect.
As a rough estimate, we take ⑀ F ϭ5eV and ␦mϭ7.5 ϫ10 Ϫ6 T 3/2 ͑for a ferromagnet such as Ni, Ref. 36͒ to give S AP ϳϪ3 V K Ϫ1 and S P ϳ0.5 V K Ϫ1 at Tϭ300 K. As an extreme example, we predict a giant magnetothermopower for a junction between two half-metallic ferromagnets. In a half-metal the splitting ⌬ between the majority and minority conduction bands is greater than ⑀ F measured from the bottom of the majority band so that only majority carriers FIG. 4 . Schematic of magnon-assisted tunneling across a junction with ferromagnetic electrodes in the parallel configuration. Eight processes which, to lowest order in the electron-magnon interaction, contribute to magnon-assisted tunneling. ͑i͒-͑iv͒ involve transitions between minority states on the left and majority states on the right via a virtual intermediate state. This result is independent of temperature and of the specific half-metallic material, and it represents a giant magnetothermopower effect ⌬SϷS AP ϷϪ55 V K Ϫ1 . A strong polarization dependence of the thermopower, ⌬SϷS AP , enables one to separate the interface contribution to the thermopower from effects arising from a finitetemperature gradient in the reservoirs. We assume in our analysis that phonon-mediated heat conduction is much lower than the electronic one and that a fast temperature equilibration inside the ferromagnetic metal makes a finitetemperature drop across the tunnel barrier possible. Furthermore, the predicted interface magnetothermopower will be most pronounced in a geometry where the bottleneck for electron transport is also the bottleneck for thermal transport: in a small-area mesoscopic junction, ideally, in a suspended scanning-tunneling-microscope-type ͑STM-type͒ geometry.
